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Introduction: 
 

Invasion and metastasis are the most dangerous characteristics of breast cancer and the most frequent causes 
of breast cancer-related death. In normal mammary tissues, the cytokine transforming growth factor-� (TGF-β) 
acts to suppress tumorigenesis and block mammary epithelial cell (MEC) motility, invasion, and metastasis. 
However, as pre-malignant MECs develop and progress, the cancer cells subvert the tumor suppressive effects 
of TGF-β and convert TGF-β to a promoter of invasion and metastasis. The process by which malignant MECs 
transform TGF-β from a tumor suppressor to a tumor promoter is termed the “TGF-β Paradox.” Work in our lab 
suggests that the protein tyrosine kinase (PTK) Abl may also play a part in TGF-β signaling; in this case TGF-β 
inhibits EMT and invasion through activation of Abl in MECs. Abl has already proven to be an important target 
in chronic myelogeneous leukemia (CML), and the introduction of imatinib myselate (IM), an Abl inhibitor, has 
revolutionized the treatment of CML. Several studies have shown that Abl activation is dysregulated in breast 
cancer, suggesting that Abl kinase inhibitors could potentially be useful in preventing breast cancer progression. 
 However, other investigations have described several important tumor-suppressive pathways in MECs 
regulated by Abl. I find that TGF-β can stimulate Abl activity, and increased Abl activity promotes maintenance 
of an epithelial morphology, and inhibits EMT and invasion. I therefore hypothesized that TGF-β activation of 
Abl is an important tumor suppressive pathway that serves to maintain tissue architecture in MECs. I endeavor 
to define the mechanisms by which Abl is linked to TGF-β signaling, and to demonstrate the importance of Abl 
activity in suppressing mammary tumorigenesis stimulated by TGF-�. The experiments described here are 
designed to test this hypothesis and further our understanding of TGF-β signaling in both normal and metastatic 
MECs. This project has important bearing on the use of Abl inhibitors to treat breast cancer and seeks to shed 
light on this critical issue. Ultimately, the context of Abl activation may determine whether Abl inhibitors are 
beneficial in the treatment of breast cancer.    
 
Body: 

  
Task 1: Examine the effects of Abl activity on mammary epithelial cell (MEC) proliferation, motility, and 

epithelial-to-mesenchymal transition (EMT) regulated by TGF-β (Months 1-12). 
 
Through manipulation of Abl expression and activation in both normal murine mammary gland cells 

(NMuMG) and malignant metastatic 4T1 cells, we defined Abl as a potent and critical regulator of MEC 
morphology and response to TGF-β-induced EMT. Abl expression and activation was modulated in these cells 
lines through expression of shRNA targeting c-Abl protein expression (shAbl), expression of either 
constitutively-active (CST) Abl or kinase-dead (KD) Abl, or treatment with Imatinib (a pharmacological 
inhibitor of Abl).  

As seen in Figure 2 A and B in Appendix A, NMuMG cells expressing KD-Abl, NMuMG cells deficient 
in Abl protein expression (shAbl), or NMuMG cells treated with Imatinib showed dysregulation of the actin 
cytoskeleton and loss of epithelial cortical actin staining reminiscent of TGF-β-induced EMT; CST-Abl 
expressing NMuMG cells retained cortical actin arrangement. Accordingly, human MCF10A MECs displayed 
increased cell spreading in tissue culture when treated with Imatinib (Figure 2C, Appendix A). Furthermore, 
NMuMG cells cultured in a compliant three-dimensional (3D) basement membrane-like gel formed nearly 
perfect spherical acinar structures, while those treated with Imatinib formed more dysmorphic, branched 
structures (Figure 2D, Appendix A). These striking morphological effects of Abl kinase manipulation led us to 
investigate other classical markers of EMT. Through real-time (RT) PCR, we found that Imatinib treatment 
decreased transcription of E-cadherin mRNA similarly to TGF-β, a hallmark of EMT (Figure 3A, Appendix 
A), and Imatinib treatment also rapidly decreased E-cadherin protein expression as measured by Western blot 
(Figure 3B, Appendix A). As EMT normally increases motility and invasiveness of normal cells, we subjected 
NMuMG cells with varying levels of Abl kinase activity to an in vitro invasion assay. Expectedly, parental 
NMuMG cells invaded more readily to a serum stimulus in the presence of TGF-β, however, NMuMG cells 
expressing CST-Abl failed to invade even with TGF-β stimulation, and NMuMG cells expressing KD-Abl 
invaded readily without TGF-β (Figure 3C, Appendix A). Finally, Abl-deficient NMuMG cells expressed 
elevated basal levels of mesenchymal markers N-cadherin and vimentin, and the EMT-inducing transcription 
factor Twist, indicating a constitutive EMT phenotype in Abl-deficient MECs (Figure 3D, Appendix A). 
However, we were unable to detect any difference in proliferation in traditional tissue culture due to Abl 
expression or activation (data not shown). These experiments clearly show Abl to be a critical regulator of 
normal MEC morphology, motility, and the EMT response to TGF-β.  

These striking results in normal cells led us to investigate Abl’s role in determining MEC morphology and 
behavior in malignant metastatic 4T1 cells. As seen in Figure 4A Appendix A, expression of CST-Abl in 4T1 
cells induced tighter cell-cell packing in 2D tissue culture, however, this effect was magnified when these cells 
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were cultured in compliant 3D organotypic culture. Parental 4T1 cells and those expressing KD-Abl formed 
large, branched structures in compliant 3D culture (Figure 4B Appendix A). In stark contrast, 4T1 cells 
expressing CST-Abl formed much smaller spherical structures (Figure 4B Appendix A). These changes in 
MEC morphology were also apparent when we stained 3D cultures for actin and DAPI (Figure 4C Appendix 
A): 4T1 cells expressing CST-Abl formed more ordered structures with partial hollowing typical of normal 
MECs. While both parental and CST-Abl-expressing 4T1 cells failed to growth arrest in response to TGF-β in 
rigid 2D tissue culture, culturing these cells in compliant 3D culture revealed a significant basal and TGF-β-
induced decrease in proliferation in the presence of CST-Abl (Figure 4D Appendix A). Significantly, culturing 
parental 4T1 cells in compliant 3D culture restored their cytostatic response to TGF-β (Figure 4D Appendix 
A), highlighting the importance of microenvironmental signals in determining the cellular response to TGF-β.  

 
Task 2:  Determine the molecular mechanisms by which Abl couples to TGF-β signaling in MECs. (Months 

10-24) 
 
Experiments to investigate the mechanisms underlying Abl interaction with TGF-β receptors are underway. 

Preliminary data indicates that TGF-β stimulation results in a transient increase in Abl activation, followed by a 
loss of Abl protein stability (data not shown). Furthermore, treating NMuMG cells with TGF-β causes Abl to be 
exported from the nuclear compartment coincident with the induction of EMT (data not shown).  The 
significance of these findings, as well as how Abl is activated by TGF-β signaling, is under initial investigation 
in accordance with the timeline for Task 2 and we anticipate completion of this task within the stated timeframe. 
 Additionally, through our work investigating the effect of Abl manipulation on MEC morphology (see Task 1 
above), we discovered that expression of CST-Abl blocked both basal and TGF-β-stimulated induction of 
matrix metalloproteinase (MMP) -9 and -3 secretion (Figure 6 A,B,C Appendix A). By treating 4T1 cells 
grown in 3D organotypic culture with inhibitors for MMP 2/9 and 2/3 (Figure 7 A, B Appendix A), we 
determined that activity of these MMPs is required for the branched morphology of parental 4T1 cells. 
Therefore, Abl-mediated inhibition of MMP secretion is likely a critical mechanism by which Abl reverts the 
morphology of metastatic 4T1 cells. Investigation into how Abl kinase activation may block MMP secretion is 
underway.   

 
Task 3:  Manipulate Abl activation in metastatic MECs to assess its affects in regulating breast cancer 

metastasis.  (Months 18-36) 
The exciting morphological effects of Abl expression and activity (see Task 1 above) led us to begin 

preliminary studies on breast cancer metastasis early. We injected control and CST-Abl-expressing 4T1 cells 
orthotopically into the #4 mammary glands of syngeneic female Balb/c mice (10,000 cells/animal, 12 
animals/group) and measured primary tumor growth through caliper measurements. As expected, the control 
4T1 cells rapidly formed palpable tumors and all animals in this group had to be euthanized by day 28 post-
engraftment due to primary tumor burden (Figure 8A, Appendix A). Remarkably, 4T1 cells expressing CST-
Abl failed to form detectable tumors. At day 28, 8 mice from this group were euthanized and mammary glands 
inspected for primary tumor growth, however, no signs of tumor growth were found. The remaining 4 mice 
were allowed to survive until study day 50, at which point this group was also euthanized. Incredibly, these mice 
also remained free from signs of breast cancer (Figure 8A, Appendix A). In order to exclude injection error or 
other anomalous events that could explain the results of this study, we genetically engineered control and CST-
Abl-expressing 4T1 cells to express firefly luciferase to enable sensitive bioluminescent imaging of injected 
cells. We repeated the above study utilizing the luciferase-tagged cells and 3 animals per group. While control 
4T1 cells again rapidly formed palpable tumors detectable by bioluminescent imaging (Figure 8B, Appendix 
A), CST-Abl-expressing cells became only transiently detectable through imaging before regressing to 
undetectable levels (Figure 8B, Appendix A), consistent with the previous study. Incredibly, expression of 
constitutively active-Abl rendered aggressive metastatic 4T1 cells innocuous in vivo.     

Our data showing a tumor suppressive effect of Abl kinase activity (Figure 8, Appendix A), combined with 
disappointing results from clinical trials of Abl kinase inhibitors in the treatment of human breast cancer (1, 2), 
led us to hypothesize that Imatinib therapy would have no clinical benefit in the treatment of breast cancer. 
Accordingly, we tested the efficacy of Imatinib monotherapy in mice orthotopically injected with 4T1 cells 
(10,000 cells/animal). Imatinib treatment commenced on day 8 post-engraftment, and was administered orally at 
50 mg/kg/day. In agreement with our hypothesis, Imatinib treatment offered no clinical benefit in reducing 
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primary tumor growth (Figure 9 A,B, Appendix A) or metastasis (data not shown), and in fact, Imatinib 
treatment tended to produce larger tumors (Figure 9 A,B, Appendix A).  

Future animal studies focused on understanding the mechanisms underlying Abl involvement in TGF-β-
dependant signaling pathways are planned following the completion of Task 2. Regardless, these findings 
establish Abl as a potent suppressor of breast cancer tumorigenesis and metastasis and caution against the use of 
Abl kinase inhibitors in the treatment of human breast cancer.  

 
Key Research Accomplishments: 

• Abl kinase activity is required for maintaining normal mammary epithelial cell morphology 
• Loss of Abl kinase activity induces a constitutive EMT transcription signature 
• Expression of constitutively-active Abl induces phenotypic normalization of malignant metastatic MECs 

in both 2D and 3D tissue culture 
• Expression of CST-Abl drastically reduces proliferation of malignant metastatic cells in 3D tissue 

culture 
• Culturing malignant cells in organotypic 3D culture restores TGF-β-mediated cytostatis regardless of 

genotype 
• Expression of CST-Abl blocks MMP expression and secretion in malignant cells 
• Expression of CST-Abl in malignant metastatic 4T1 cells completely blocks tumorigenesis and 

metastasis in vivo 
• Imatinib monotherapy offers no clinical benefit in the treatment of breast cancer 
• Defining the mechanisms by which Abl couples to TGF-β signaling is critical to understanding the TGF-
β paradox in breast cancer  

• The tumor suppressive activities of Abl likely account for the failure of Abl kinase inhibitors in treating 
breast cancer 

• Abl kinase is established as a potent tumor suppressor in breast cancer and determinate of cellular 
response to TGF-β 

 
 
Reportable Outcomes: 

• Poster presentation at the Keystone Symposia for Extrinsic Control of Tumorigenesis and Progression, 
Vancouver, British Columbia, March 2009: “Transforming growth factor-beta suppresses breast cancer 
tumor growth and progression through activation of Abl kinase” Tressa M. Allington, Amy J. Galliher-
Beckley, and William P. Schiemann 

• Travel awards for Tressa M. Allington to attend the Keystone Symposia for Extrinsic Control of 
Tumorigenesis and Progression March 2009  

o Keystone Symposia Travel Award 
o Department of Pharmacology Graduate Training Committee Travel Award 
o University of Colorado Denver Anschutz Medical Campus Graduate School Hirs Travel Award  

• University of Colorado Denver Anschutz Medical Campus Annual Student Research Forum Award for 
Outstanding Research to Tressa M. Allington, February 2009 

• Publication: Tressa M. Allington, Amy J. Galliher-Beckley, William P. Schiemann. “Activated Abl 
kinase inhibits oncogenic transforming growth factor-β signaling and tumorigenesis in mammary 
tumors.” Journal of Federation of American Societies for Experimental Biology (FASEBJ). 2009.  

• Publication (in press): Tressa M. Allington, William P. Schiemann. “The Cain and Abl of EMT and 
TGF-β Signaling.” Cells, Tissues, Organs. 2009.  

• Publication: MK Wendt, TM Allington, WP Schiemann. “Mechanisms of the epithelial-mesenchymal 
transition by TGF-beta.” Future Oncology. 2009. 
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We have established Abl as a potent regulator of mammary epithelial cell morphology in both traditional 
tissue culture and organotypic culture, as an inhibitor of EMT, a determinate of TGF-β-mediated cytostasis, a 
potent inhibitor of MMP expression and secretion, and as a powerful tumor suppressor in breast cancer 
progression. These findings suggest Abl agonists, as opposed to antagonists, may be beneficial in treating 
patients with breast cancer. This funding award has allowed us to advance our understanding of Abl’s role in 
TGF-β signaling, propose new ways to target breast cancer metastasis through Abl activators, and provides a 
concrete explanation for the failure of Abl antagonists in the clinical setting. We continue to investigate the 
mechanisms by which Abl participates in TGF-β signaling, and our findings in this area have the potential to 
help unravel the TGF-β paradox, to define the role of EMT in breast cancer metastasis, and to provide 
alternative chemotherapeutic targets in order to advance the treatment of breast cancer.  

“So What:” The redefining of Abl kinase as a potent breast cancer tumor suppressor is an extremely novel 
finding and promises to open doors to a better understanding of the TGF-β paradox and advance the use of 
targeted chemotherapies in breast cancer.  
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